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----- __ --_ 

ABSTRACT. The inf luence  of flow containing dus t  upon 
aerodynamic experiments i n  hypersonic wind tunnels  is  
considered. It i s  found t h a t  t h e r e  i s  an inc rease  i n  
drag f o r  t h i n  p r o f i l e s ,  and a drag decrease f o r  b lunt  
p r o f i l e s  . 

- -- ~ ~ _ _ _ _  

The n a t u r e  and charac te r  of t h e  inf luence  of dus t  i n  t h e  flow i n  hyper- /187* 

son ic  wind tunnels  upon t h e  r e s u l t s  of aerodynamic experiments are considered. 

It is  shown t h a t  dus t  causes an inc rease  i n  drag f o r  t h i n  p r o f i l e s  and, con- 

verse ly ,  a decrease i n  drag and i n  t h e  c o e f f i c i e n t  of l ong i tud ina l  damping 

moment of b lun t  p r o f i l e s .  . .  

In [l, 21 t h e  e f f e c t  of dus t  on t h e  r e s u l t s  of experiments is  explained 

i n  accordance wi th  t h e  following s impl i f i ed  scheme: 

model, p a r t i c l e s  have a ve loc i ty  equal t o  t h e  flow ve loc i ty ,  and they t r a n s f e r  

t h e i r  s t o r e d  momentum i n  t h e  form of a fo rce  impulse. However, t h i s  scheme is  

not  always s u i t a b l e .  Thus, i n  [3] it  is shown t h a t  i n  hypersonic wind tunnels  

- as a r e s u l t  of p a r t i c l e s  lagging behind t h e  flow - turbulence  may arise 

and t h e  cha rac t e r  of flow around t h e  b lun t  p r o f i l e  may be d i s t o r t e d .  

and o the r s ,  it is shown t h a t  during c o l l i s i o n s  of 1 - 10 kh/sec o r  g rea t e r  

t h e  fo rce  impulse may be  g r e a t e r  than t h e  momentum of the  impacting p a r t i c l e .  

L e t  us look a t  t h e  f a c t o r s  which determine t h e  inf luence  of dus t  on t h e  results 

of aerodynamic experiments. 

before  impact on t h e  

In [ 4 ]  

Complementary fo rce  impulse: L e t  us take t h e  case of flow around a body 

wi th  a f l a t  base. P a r t i c l e  c o l l i s i o n  wi th  t h e  base  l eads  t o  fo rce  impulses 

[ 41*  
* 
Numbers i n  t h e  margin i n d i c a t e  pagination i n  th.e o r i g i n a l  fore ign  text. 



(1) I,= mWi ( 1  + O.GWi 1 W,.)  

Here m is  t h e  mass of t h e  dust  p a r t i c l e s  s t r i k i n g  t h e  form, W is  t h e  1 
c o l l i s i o n  ve loc i ty ,  W, is  t h e  c o l l i s i o n  ve loc i ty  necessary t o  rupture  t h e  

bonds of t h e  c r y s t a l  l a t t i c e  o r  t o  crush f i n e l y  t h e  material of t h e  p a r t i c l e s  

( f o r  metals W* 'L. 2000 m/sec [ 4 ] ) .  
'L 

Using Newton's l a w  of res i s tance ,  w e  can descr ibe t h e  forces  ac t ing  upon 

t h e  p r o f i l e  by p a r t i c l e s  of pure gas by t h e  r e l a t ionsh ips  

W2' W 2, 1 
p a r t i c l e  ve loc i ty ,  and t h e  mass flow level of t h e  incoming flow dus t ,  Fo is 

the  area of t h e  f r o n t a l  surface.  

and z are the densi ty  and ve loc i ty  of t h e  gas, t h e  Here p 

As a r e s u l t  of t h e  dynamic.lag of t h e  p a r t i c l e s ,  z increases  i n  proport ion 

t o  the  dust level i n  t h e  gas i n  t h e  forechamber zo [5] and f o r  zo << 1 

i 

z'= zowa I w, (3) 

< *  

From Equations (2) and (3) w e  f ind  t h a t  i n  t h e  case under considerat ion 

I n  flow around a sharp cone with a semi-aperture angle 0 a t  a zero angle 

of a t t ack ,  t h e  drag according t o  Newton's l a w  of r e s i s t ance  is  equal t o '  

where F is the sur face  area of the cone. 
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A s  f a r  as t h e  fo rce  of dus t  ac t ing  on t h e  cone is  concerned, it i s  

determined by t h e  charac te r  of p a r t i c l e  i n t e r a c t i o n  with t h e  p r o f i l e .  

no t  d i f f i c u l t  t o  show t h a t  i n  t h e  four  poss ib l e  cases of c o l l i s i o n  [none la s t i c  

as i n  Newton's scheme (Figure l a ) ,  elastic (Figure l b ) ,  c o l l i s i o n  wi th  "adhe- 

sion" of t h e  p a r t i c l e s  t o  t h e  form without e j e c t i o n  of material from t h e  

crater formed on t h e  form sur face  (Figure I C ) ,  and c o l l i s i o n  with "hard col- 

It is  

/188 l i s i o n s "  when t h e  fo rce  impulse inc reases  i n  accordance with Equation (111 - 
t h e  quant i ty  p is  described by t h e  fol1,owing equations: 

zo , zo 

sin2 0 
p = CJ, p = 220, p = - 

sin20 . 

A comparison of Equations ( 4 )  and (6) shows t h a t  t h i s  f a c t o r  has  t h e  

g r e a t e s t  in f luence  i n  t h e  case of t h i n  bodies. 

D i s to r t ion  of flow charac te r .  I n  experiments with b lun t  forms i n  dusty 

working flows of hypersonic wind tunnels ,  t h e  sharp dens i ty  d i scon t inu i ty  

under t h e  inf luence  of lagging p a r t i c l e  t r acks  may be  d i s t o r t e d  assuming t h e  

form of a " f lu id"  cone, c h a r a c t e r i s t i c  of flow around bodies with b l u n t  ends 

(Figure 2 ) .  The ac t ion  of t h i s  f a c t o r  is r a t h e r  d i f f i c u l t  t o  c a l c u l a t e ,  as 

i t  r equ i r e s  us t o  know t h e  dimensions, form, and dura t ion  of t h e  phenomena, 

t h e  frequency of occurrence of f l u i d  cones, as w e l l  as t h e  e f f e c t s  of t h e  

unsteady flow process as a r e s u l t  of a l t e r n a t i n g  appearance and disappearance 

of cones. 111, flows around t h i n  bodies, d i s t o r t i o n  of t h e  flow cha rac t e r  is 

observed, and thus t h i s  f a c t o r  should n o t  have any inf luence  on t h e  r e s u l t s  

of experiments with them. 

Flow turbulence. A s  a r e s u l t  of t h e  dynamic l a g  of p a r t i c l e s ,  t h e r e  is 

turbulence i n  t h e  oncoming stream [SI and poss ib ly  i n  t h e  boundary l a y e r  of 

t h e  p r o f i l e .  

i t  can cause t r a n s i t i o n  acce le ra t ion ,  mixing of t r a n s i t i o n  po in t s ,  etc. We 
may only expect t h a t  t h e  inf luence  of t h i s  f a c t o r  w i l l  b e  s l i g h t ,  s i n c e  i n  

hypersonic flow f r i c t i o n  drag is genera l ly  small i n  comparison w i t h  wave drag. 

Evaluation of t h e  e f f e c t s  of dus t  turbulence is  d i f f i c u l t  as 
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. _ _  
Figure 1. Figure 2. 

Experimental s t u d i e s  on t h e  e f f e c t s  of dus t  were made i n  a hypersonic 

wind tunnel wi th  dus t  i n  t h e  working flow by a r t i f i c i a l l y  increas ing  the  

amount of A1 0 p a r t i c l e s  wi th  a diameter of 5 - 7 i n  t h e  forechamber. The 

parameters of t h e  oncoming flow corresponded t o  M = 10 - 15 and R e  $ 10 

( c h a r a c t e r i s t i c  s i z e :  

i n  t he  stream w a s  equal t o  ~ 0 . 0 5 % .  

$ 6  2 3  

diameter a t  middle of form); che normal level of d u s t  
Q 

We s tud ied  t h e  c o e f f i c i e n t  of f r o n t a l  drag cT and t h e  c o e f f i c i e n t  of t h e  
w - a  z l ong i tud ina l  damping mOI?Ent mZ f mZ . The quan t i ty  c defined as t h e  

tensor weights m -I- m , w a s  determined by t h e  f r e e  o s c i l l a t i o n  method [ 6 ] .  
w T ’ -  

a Z 
z z 

The an t i c ipa t ed  inc rease  i n  f r o n t a l  drag fo rces  of t h e  sphere due t o  t h e  
% 

t r a n s f e r  of k i n e t i c  energy f o r  z 

accordance wi th  Equation ( 4 ) ,  equalled 3 - 5%. However, i n  a c t u a l i t y  t h e r e  

w a s  a %20% decrease i n  t h e  f r o n t a l  drag fo rces  as a r e s u l t  of t he  predominant 

in f luence  of f l u i d  cones, t h e  number of which i n  these  experiments w a s  as a 
r u l e  one order of magnitude g r e a t e r  than usual,  S t i l l  more s i g n i f i c a n t  ( a l s o  

due t o  t h e  d i s t o r t i o n  of t h e  d i scon t inu i ty  form) (Figure 2) w a s  the inf luence  

Q 2%, according t o  t h e  estimates made i n  0 

% 
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w 
ci Z 

+ mZ of dus t  on t h e  damping c h a r a c t e r i s t i c s  of segmentally conic bodies (m 

changed by a f a c t o r  of two). 
Z 

Weight tests of sharp cones (0 = 11') showed, as an t i c ipa t ed ,  t h a t  an  

a d d i t i o n a l  f o r c e  impulse i n  t h e  flow of a dusty stream increased t h e  measured 

value of t h e  f r o n t a l  drag c o e f f i c i e n t  of t h e  cone. 

of p thus found compared with t h e  ca l cu la t ions  (above - a n g l e  of a t t a c k  

ci = 0; below - a n g l e  of a t t a c k  ci = 10"). 

Below w e  g ive  t h e  values 

Equation (6) 

Experiments (Figure l a )  (Figure l b )  (Figure I C )  (Figure Id)  

0.15 0.008 0.016 0.22 0.33  
0.03 0 e 008 0.016 0.063 0.1 

It is  clear t h a t  t h e  b e s t  correspondence is  found i n  ca l cu la t ions  from /189 
Figure IC. 

Study of t h e  damping c o e f f i c i e n t  of t h e  long i tud ina l  moment of a sharp 
'L 

cone a t  a dus t  level  of z % 0.3% showed no d i f f e rences  (within t h e  limits of 

measurement e r r o r )  between normal experiments ( z  % 0.05%) and t h e  ca l cu la t ed  

da ta .  

'L 0 

0 

I n  t h e  experiments c a r r i e d  ou t ,  the  in f luence  of dus t  flow turbulence on 

aerodynamic c h a r a c t e r i s t i c s  w a s  n o t  observed, since this f a c t o r  (when it could 

have an inf luence)  w a s  ev ident ly  accompanied by t h e  g r e a t e r  in f luence  of o t h e r  

f a c t o r s ,  
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